CO2 electroreduction reaction (CO2RR) to chemicals and fuels is of both fundamental and practical significance since it would lead to a more efficient storage of renewable energy while closing the carbon cycle. Here we report enhanced activity and selectivity for CO2RR to multicarbon hydrocarbons and alcohols (~69 % Faradaic efficiency and −45.5 mA cm CuOx surface, the formation of shaped particles containing stable CuI species, and a more favorable stabilization of the reaction intermediates and concomitant high C2+ selectivity. This work combining both experiment and density functional theory, provides insights into the active sites and reaction mechanism of oxide-derived Cu catalysts for CO2RR.
INTRODUCTION
The production of chemicals and fuels from the electroreduction of CO2 (CO2RR) has attracted great attention, since it can help to close the anthropogenic carbon cycle and contribute to a more efficient storage of renewable energy. [1] [2] [3] In particular, the generation of multicarbon alcohol and hydrocarbon products (C2+) over Cu catalysts is highly desirable in order to access liquid fuels and chemicals with high energy density. [4] [5] [6] In order to overcome the high overpotential, low C2+ selectivity and poor stability of polycrystalline Cu, 7, 8 various catalyst design and preparation strategies, including nanostructuring, oxidation pretreatments, or the synthesis of size-and shape-controlled nanoparticles (NPs), modifying Cu with a second component, have been employed. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Apart from the structure and electronic properties of the catalysts, the activity and selectivity are also closely related to the composition and nature of the electrolyte. Bicarbonate can facilitate CO2RR by increasing the CO2 concentration near the electrode surface through a rapid equilibrium with dissolved CO2. 29, 30 Adding halides to the bicarbonate electrolyte may further improve CO2RR by facilitating the stabilization of the carboxyl intermediate. [31] [32] [33] Electrolytes containing larger alkali metal cations resulted in improved C2+ formation on metallic Cu foils as well as on Cu(100) and Cu(111) surfaces. [34] [35] [36] The dependence of the product distribution on the cation type was attributed to either a distinct specific adsorption, preferential hydrolysis, or to an electrostatic interaction between solvated cations and adsorbed species in the outer Helmholtz plane (OHP). [34] [35] [36] [37] Plasma activated Cu catalysts have shown vastly improved activity and C2+ selectivity, due to their enhanced roughness and the presence of subsurface oxygen and Cu + species during the reaction. 13, 16 Compared to a metallic Cu catalyst, O2-plasma-oxidized Cu catalysts were found to be much more sensitive to the electrolyte composition, such as the presence of halides. 31, 32 In this work we investigate the synergistic effect of alkali metal cations and halide ions on CO2RR to multicarbon products over plasma-oxidized Cu catalysts. It has been observed that increasing the cation size significantly improved the activity and C2+ selectivity. Density functional theory (DFT) calculations indicate that the more favorable adsorption of larger cations on CuOx results in the stabilization of CO2RR intermediates leading to C2+ formation. The C2+ production was further increased by adding I − to the CsHCO3 solution, probably due to a significant surface restructuring, improved stability of Cu + species under reaction conditions, and the stronger binding of CO.
RESULTS AND DISCUSSION
2.1. Electrolyte-driven nanostructuring. Plasma-activated Cu catalysts were synthesized by treating an electropolished Cu foil (EP) with low-pressure O2 plasma. 13 Figures 1 and S1
show scanning electron microscope (SEM) images acquired on O2-plasma treated Cu foils (O2P2, 20W 2min) after 30 min immersion (without an applied potential) and after 1 h of CO2RR at −1.0 V vs RHE in the corresponding electrolytes (see sample preparation conditions and electrolyte description in Table S1 ). The different cations did not obviously change the morphology of the CuOx foils (O2P2-Li,Na,K,Cs) both, before and after CO2RR, as well as the amount of oxygen (4-5 at%) detected by energy-dispersive X-ray spectroscopy (EDX) after 5 CO2RR (Table S2) . However, the presence of CsI induced the formation of CuxOyIz (x:y:z = 46:12:42 at%) crystals with sizes of 1-3 µm even at open circuit potential. After CO2RR, shaped CuxOyIz (x:y:z = 67:6:27 at%) particles with sizes of 0.5-0.8 µm were still present on the surface of O2P2-CsI, surrounded by other rough regions mainly composed of metallic Cu. This is in clear contrast with our previous findings on samples exclusively treated in KI (O2P2-KI), 31 where shaped particles were not observed after reaction ( Figure S1i ). The latter suggests that Cs + is able to stabilize CuI species at very negative potentials, which could lead to more Cu following a first-order Redhead model. 38 When compared to the O2 100W 10min plasma treated Cu foil (O2P10) and the electropolished Cu foil (EP), the presence of stronger CO binding sites on O2P2, such as defects or low-coordinated sites at stepped facets is evident. 12 Remarkably, the dependence of the CO binding energy on the O2-plasma treatment conditions directly correlated with the ethylene selectivity. 13 The CO-binding sites on O2P2 were also investigated before CO2RR after a sample pre-treatment in different electrolytes (Figure 2b ). Although the strongest CO-binding sites observed in the clean O2P2 sample were lost in the O2P2-Cs (missing peaks at 172 and 213 K), such sites are recovered upon subsequent sample restructuring with I − (228 K peak for O2P2-KI and O2P2-CsI). This reveals that the shaped-Cu crystals formed on the later samples act as strong CO-binding sites. Quasi in situ X-ray photoelectron spectroscopy (XPS) is an efficient surface-sensitive technique to detect the oxidation state of electrocatalysts at different reaction stages without exposure to air. 31 Consistent with EDX measurements, the surface of the as prepared O2P2 sample was composed by a mixture of Cu2O and CuO. After the reaction, CuOx in the O2P2 sample was mostly reduced, with only metallic Cu detected on the surface of samples O2P2-Li, O2P2-Na, O2P2-K, O2P2-Cs, and ~8% Cu With increasing cation size and the presence of I − , the competitive H2 partial current density was also found to increase, while the H2 FE did not obviously change at more negative potentials and seemed to be independent of the cation size. Therefore, the cation effect on the competitive hydrogen evolution reaction observed here for CuOx catalysts was different from that observed on metallic Cu. 34, 36 Our O2-plasma-activated Cu catalyst, with both, high C2+ FE and high partial current density (−45.5 mA cm −2 on O2P2-CsI, Figure S10 ), exhibits superior ability for C2+ production compared to previously reported catalysts (Table S3 ). while methane FE increased to ~14% in the first 7 h. Similar trend was also observed on O2P2-Na. However, the deactivation became much slower on O2P2-K and O2P2-Cs. Ethylene FE of both O2P2-K and O2P2-Cs was nearly stable (>45%) in the first 20 h, while methane FE slightly increased to ~6% on O2P2-K and O2P2-Cs. The long-term stability tests indicated the superior effect of larger cations on the stable C2+ formation. The slow time-dependent decrease in current density and ethylene/methane FE ratio in all electrolytes are not dominated by the nature of the cations, but are likely due to the sluggish removal of subsurface oxygen species at very negative potentials for CO2 reduction as well as to the gradual decrease in the roughness of the sample (roughness factor = 24.7 after 1 h versus 11.5 after 30 h in 0.1 M KHCO3) and associated decrease in the content of strong CO-binding sites in the course of the reaction. 2.4. C-C coupling tuned by specific cation adsorption. DFT calculations were used to examine the specific adsorption of Li, Na, K, and Cs onto Cu(111), Cu(100), and Cu(211) at low (1/9 ML) coverage (Figure 5a ). The near-surface region was solvated with 6H2O* on all three surfaces (forming a water bilayer) to approximate the solvent near the electrode surface ( Figure   S11 ). All cations adsorb favorably on Cu(111) and Cu(100) below −1 VNHE and on Cu (211) below −1.5 VNHE, therefore, specific adsorption is favorable at moderate CO2RR overpotentials.
As the alkali metal cations retain most of their charge on adsorption, the presence of near-surface solvation significantly promotes adsorption ( Figure S12 ). We examined the interaction between the adsorbed cations and reaction intermediates by considering CO*, OCCO*, and OCCOH* intermediates which dictate C2+ formation on Cu(100). 48 We have focused on Cu(100) as it has been shown experimentally to be the most active low-index facet for C2+ formation and may dominate the measured selectivity. [49] [50] [51] [52] Figure 4b shows that all the cations promote the formation of CO*, OCCO*, and OCCOH*. The presence of a near-surface electric field, either artificially applied, or due to the presence of a solvated alkali metal cations in the OHP 36 or adsorbed on the surface, 35, 48 promotes the formation of polar or highly polarizable intermediates.
The formation rate of C2 products is proportional to the CO* coverage squared, while the C1 formation rate is only linearly proportional to the CO* coverage. We, therefore, expect that the promotion of CO* adsorption would lead to greater C-C coupling and higher C2+ selectivity, further accentuated by promotion of the adsorption strength of the OCCO* and OCCOH* intermediates.
In contrast to what others have found previously with cations only populating the OHP, 36 we find that the effect of the specifically adsorbed cations on the formation of CO*, OCCO*, and OCCOH* is dependent on the cation identity. This may be due to their closer position to these intermediates when adsorbed on the surface (average ion-surface distance: 3.6 Å on Cu(100) with 6H2O*), relative to only occupying the OHP (average ion-surface distance: 5.1 Å on Cu(111) 36 ). The magnitude of the interaction between these cations and the intermediates correlates with the surface normal dipole moment generated on cation specific adsorption ( Figure   S13 ), with adsorbed Cs generating the strongest dipole moment and largest interaction with CO*, OCCO*, and OCCOH*. This matches the experimental trend in the C2+ formation, where the 13 more favorable CO* formation in the presence of Cs + results in a higher C2+ production rate in the Cs-containing electrolyte at lower overpotentials. Further, the adsorption strength of the cations follows the trend Li < Na < K < Cs on Cu(100), with Cs giving the most favorable adsorption.
The effect of the alkali metal cations on the formation of the intermediates (Figure 5b ), was calculated in the absence of near-surface solvation, which we expect to weaken the interaction between the cations and intermediates, but maintain the trend among the cations. Our prior work showed that the presence of alkali metal cations near the electrode surface increased the activation barrier for CO2 reduction steps which involved the shuttling of protons through water near the electrode surface, 47 which could hinder formation of C1 over C2+. Further, while we have limited our focus to the effect of the cations on CO*, OCCO*, and OCCOH*, the alkali metal cations, once near the electrode surface, may affect many important intermediates present in the path to C1 and C2+ products, as well as activation barriers between these reaction intermediates (beyond just proton transfer). Therefore, our intent is to only highlight that the cations have an effect on the binding strength of these important intermediates, and that the trend in the effect on CO* adsorption matches the trend in the generation of C2+ products. CO* is an important intermediate not only because it is common to both the C1 and C2+ paths, but also because it is a useful descriptor in understanding the binding strength of all carbon containing species which adsorb to the surface through a carbon atom, as their formation energies are known to scale linearly with that of CO*, following a scaling relation. 53, 54 Future work should examine the effect of alkali metal cations on the binding strength of all possible intermediates, as well as on the activation barriers for C-C coupling. OCCO*, and OCCOH* relative to CO2 (g), H2 (g), and H2O (aq) at 1/9 ML on Cu(100) at 1/9 ML on Cu(100) at 300 K. Energies relative to H2 (g) are equivalent to giving the energy relative to protons and electrons at an electrode potential of 0 V on a RHE scale. The formation energy is calculated in the absence and the presence of Li*, Na*, K*, and Cs* at 1/9 ML. given potential. Figure 6b shows that the presence of subsurface oxygen also accentuates the effect of the cations, significantly promoting CO* formation, beyond that seen for the cations alone (Figure 5b) , with Cs* promoting CO* formation the most (by 0.65 eV relative to CO* formation on the bare, non-oxidized, cation-free Cu(100) surface). These results provide indication that subsurface oxygen species can further promote C2+ formation. While the particular subsurface oxygen model we used was thermodynamically unstable relative to reduction to form water at CO2RR potentials, we find that an oxygen-driven reconstruction of Cu(100) also promotes cation adsorption, even in the absence of surface or sub-surface oxygen ( Figure S14 ). 55 In a recent study, increasing cation size resulted in an increase in the formation of ethylene and ethanol on metallic Cu, with little to no effect on the formation of CO and methane. 36 In contrast, on our CuOx samples, the increased C2+ formation correlates with a decrease in the production of CO and methane (Figure 3) , suggesting a preferred formation of C2+ over C1. The difference in the C1 formation is mainly related to the subsurface oxygen and Cu The plasma-oxidized Cu foils were pre-treated in different electrolytes for further characterization (see Table S1 ).
Scanning Electron Microscopy (SEM) Characterization.
The morphology of the O2-plasma-treated Cu foils was investigated by SEM using a Quanta 200 FEG microscope from FEI with a field emitter as the electron source. The images were acquired in vacuum using a secondary electron (Everhart-Thornley) detector. An acceleration voltage of 10 keV was used. A liquid-N2-cooled energy-dispersive X-ray spectroscopy (EDX) detector was employed for the elemental analysis of the sample. The error bars in the content of all elements were made on the basis of the EDX spectra from at least six different positions of two identical samples. The samples after the reaction were washed thoroughly with water and transferred immediately to the SEM chamber in order to minimize air exposure. The amount of oxygen resulting from air exposure was negligible and did not affect the elemental analysis results, given that EDX, with a probing depth of ~300 nm at 10 keV, is not surface-sensitive enough. were performed in a stainless-steel UHV chamber equipped with a quadrupole mass spectrometer (UTI 100C). The Cu foil was placed in the sample holder, which consists of a tantalum foil (Alfa Aesar, 99.9%), K-type thermocouple and two tantalum bars (Alfa Aesar, 99.9%). The Cu sample was mounted on a tantalum foil and a K-type thermocouple was welded to the back of the tantalum foil to measure the temperature of the sample holder. The CO gas was in research purity. The doses were reported in Langmuir (1 L = 10
Torrꞏs) and were uncorrected for ion gauge sensitivity. After the sample was cooled down to 100 K, 10 L of CO were dosed into the chamber and CO TPD was carried out with a linear heating rate of 1 K s −1 from 100 to 500 K.
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The binding energy of CO was calculated using the Redhead equation (assuming first order desorption). 38 ln ln is the pre-exponential factor and assumed to be 10
13
. is the CO binding energy and is the ideal gas constant. is the heating rate and is the peak temperature of CO desorption.
Therefore, the CO binding is correlated with the peak temperature of CO desorption.
Electrochemical Measurements.
Electrochemical measurements were carried out in a gas- The DFT simulations were performed using the Vienna Ab-initio Simulations Package (VASP) [62] [63] [64] with a plane wave basis set, the PW91 exchange and correlation functional, 65 and the Projector Augmented Wave 66, 67 method used to model the core potentials. Calculations were performed in a 3x3 or 2x2 unit cell, with a 5x5x1 or 7x7x1 Monkhorst-Pack mesh, 68 respectively, used to sample k-space. A 450 eV cutoff energy was used for the plane wave basis set, and the structural optimization was performed until the forces on the atoms were less than 0.02 eV Å −1
. Dipole corrections 69 were included in the surface normal direction (IDIPOL=3, LDIPOL=TRUE). Each surface was comprised of 4-layers of Cu metal atoms, with the bottom two layers frozen at the experimentally measured lattice constant for Cu (3.6 Å). Adsorption was 23 modeled at 1/9 ML coverage in the 3x3 unit cell or 1/4 ML in the 2x2 unit cell (unless otherwise noted). To examine the effects of subsurface oxygen and surface reconstruction, the most favorable subsurface oxygen absorption sites and missing row reconstructions of Cu(100) generated by oxygen adsorption were taken from Duan et al. 55 The "DV" missing row structure was replicated in a 2x2 Cu(100) unit cell. The equilibrium adsorption potentials of the alkali metal cations and of iodide were calculated following the methods we have described previously. 47, 70, 71 The reaction energies in the absence and presence of the co-adsorbed alkali metal cations for the formation of CO*, OCCO*, and OCCOH* were calculated using DFT energies at 0 K and the computational hydrogen electrode approach, as described previously. 
